Vapor-phase synthesis, growth mechanism and thickness-independent elastic modulus of single-crystal tungsten nanobelts by Wang, Shiliang et al.
 1 
 
Vapor-phase synthesis, growth mechanism and thickness-independent 
elastic modulus of single-crystal tungsten nanobelts 
Shiliang Wang
1,2
, Guoliang Chen
2
, Han Huang
1*
, Shujun Ma
1
, Hongyi Xu
1
, 
Yuehui He
2
, Jin Zou
1,3
 
1
School of Mechanical and Mining Engineering, The University of Queensland, QLD 4072, Australia 
2
School of Physics and Electronics, State Key Laboratory for Powder Metallurgy, Central South 
University, Hunan 410083, China 
3
Centre for Microscopy and Microanalysis, The University of Queensland, QLD 4072, Australia 
 
*
Corresponding author: han.huang@uq.edu.au 
 
 
Abstract 
Single-crystal tungsten nanobelts with thicknesses from tens to hundreds of nanometers, 
widths of several micrometers, and lengths of tens of micrometers were synthesized using 
chemical vapor deposition. Surface energy minimization was believed to have played a 
crucial role on the growth of the synthesized nanobelts enclosed by the low-energy {110} 
crystal planes of body-centered-cubic structure. The anisotropic growth of the 
crystallographically equivalent {110} crystal planes could be attributable to the asymmetric 
concentration distribution of the tungsten atom vapor around the nanobelts during the 
growth process. The elastic moduli of the synthesized tungsten nanobelts with thicknesses 
ranging from 65 to 306 nm were accurately measured using a newly developed thermal 
vibration method. The measured modulus values of the tungsten nanobelts were 
thickness-dependent. After eliminated the effect of surface oxidization using a core-shell 
model, the elastic modulus of tungsten nanobelts became constant, which is close to that of 
the bulk tungsten of 410 GPa.
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1. Introduction  
Metal nanostructures are important building blocks for nanoscale electronics,[1] optical 
tags,[2] and mechanical sensors.[3-5] For example, metal nanobelts can be the ideal sensing 
component for measuring the Casimir force that is an attractive force between two close 
parallel uncharged conducting plates due to the perturbation of vacuum quantum 
fluctuation.[3-5] For such an application, a metal nanobelt can be placed on the top of a 
conductive substrate to form a gap at nanoscale, so the deflection of the nanobelt is used to 
quantitatively determine the Casimir force. The fabrication of a long, straight and ultrathin 
nanobelt of atomically smooth surfaces is critical for such sensing, and moreover, the 
mechanical properties, such as elastic modulus, of the synthesized metal nanobelt must be 
understood to achieve the accurate measurement of the Casimir force.[5-7] 
Top-down approaches, such as bulk micromachining technique,[5] and bottom-up 
methods, such as solution-based synthesis[8-11] and template-based strategies[12] were 
previously used to fabricate various metal nanobelts. However, the metal nanobelts 
fabricated using those methods were insufficiently smooth and often distorted. This would 
lead to significant errors if they served as the sensing component for measuring the Casimir 
force, as evidenced in the previous experiments and theoretical modeling.[5-7] Chemical 
vapor deposition (CVD) is a proven technique for fabricating long and straight metal 
nanowires with perfect single-crystal structures and smooth surfaces.[13, 14]  To use the 
CVD method to synthesise long, straight and smooth metal nanobelts should be feasible in 
theory if the thermodynamics and kinetics of growth were well-controlled.[15] However, 
such synthesis was seldom reported. 
The accurate measurement of elastic modulus of nanostructures has been challenging 
due to the difficulties in manipulating and mounting and the unavailability of standard 
testing techniques for nanostructures.[16-26] For nanowhiskers, the effects of surface 
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contaminations, defects, and surface stress make such testing even more difficult [25, 26]. 
Recently, the vibration-based methods were emerged as a valuable tool to determine the 
elastic moduli of nanobelts/nanowires.[24, 27, 28] In those methods, the 
nanobelts/nanowires were clamped as cantilevers, and their moduli were then derived from 
their resonant frequencies being measured, based on the Euler-Bernoulli beam theory.[29, 
30] Nevertheless, in practice, the application of the vibration-based methods needs to 
accurately understand the clamped boundary conditions, and know the geometries and the 
resonating length of the nanobelt being measured. Any uncertainties may significantly 
change the vibrational modes of the clamped nanobelts, and thus lead to large measurement 
errors.[31-35] Therefore, pragmatic and reliable methods for the characterization of 
mechanical property of nanostructures are still lacked. In this paper, we report our successful 
synthesis of ultrathin, smooth, straight and long single-crystal tungsten (W) nanobelts using 
the CVD method and our development of a thermal vibration method for accurately 
measuring the elastic moduli of the synthesized W nanobelts. 
 
2 Experimental Details 
2.1 Synthesis and characterization of W nanobelts 
W nanobelts were synthesized in a modified horizontal tube furnace with the similar process 
for W nanowires.[14] During synthesis, Si substrates (10 × 10 mm2) were placed 5 - 50 
mm away from the exit of a quartz tube (20 mm in diameter), which was loaded with 10 
gram high-purity WO3 powder near the gas exit. The quartz tube was then placed in a 
horizontal tube furnace (60 mm in diameter, 600 mm in length). At the initial stage of 
synthesis, high-purity Ar gas was introduced through both inlets (in the quartz and furnace 
tubes) to purge the system. Following that, the inlet of the internal quartz tube was closed 
and the furnace was heated to 900 
o
C in 90 minutes. At the second stage, H2 gas, with a 
 4 
 
constant flow of 300 standard cubic centimeters per minute (sccm) and a pressure of 1 atm, 
and humid Ar atmosphere, with a constant flow of 30 sccm and a pressure of 1 atm, were 
introduced into the system. The partial pressure of gaseous H2O in the humid Ar atmosphere 
(transiting a water-filled flask at 35 
o
C) was about 5 kPa, which is significant higher than the 
partial press of about 2 kPa for the growth of W nanowires.[14] After maintained the 
temperature at 900 
o
C for 24 hours, the sample cooled down gradually to room temperature 
inside the furnace. 
The morphology, structure and chemical composition of the synthesized W nanobelts 
were characterized by scanning electron microscopy (SEM; JEOL JSM-7800F, operated at 
10 - 25 kV) and transmission electron microscopy (TEM; FEI Tecnai F20, operated at 200 
kV) equipped with energy dispersive spectroscopy (EDS). 
 
2.2 Thermal vibration measurement of elastic modulus 
The W nanobelts fabricated were ultrasonically dispersed in anhydrous ethanol, and the 
anhydrous ethanol dispersion was then dripped onto a Si wafer. A W nanobelt was selected 
and carefully moved to the edge of the Si substrate using an electrochemically etched W tip 
under a high-magnification optical microscope (Objective: Mitutoyo M Plan APO 50 ×) 
attached to the Laser Doppler Vibrometer (LDV; Polytec MSA-500).[23] The nanobelt was 
mounted at the edge of the substrate to form a cantilever by the adhesion between the 
nanobelt and the Si substrate. The thermal vibrational spectra of the cantilever were recorded 
using LDV. During the measurement of thermal vibration, the incident laser beam 
(wavelength λ = 633 nm, power < 1 mW) was focused on the nanobelt through a 50× 
microscope objective (whose spot diameter of convergent laser beam is 0.9 μm) and was 
perpendicular to the oscillating nanobelt. The velocity of the nanobelt was then determined 
from the Doppler shift of the backscattered light.[27] A key advantage of the LDV technique 
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is the ability to measure the vibrational spectra of a nanobelt cantilever in the spectral range 
of 0 - 2.5 MHz with high frequency resolution. 
After completed the measurement, the nanobelt was moved inside on the substrate to 
obtain a shortened cantilever, and its thermal vibration was measured by the LDV again. 
Through repeating this process, a series of vibration spectra of the cantilevers of different 
lengths, though it was still the same nanobelts, were obtained. 
 
3 Results and discussion 
3.1 Morphology and structure 
Fig. 1a shows the SEM image of the products deposited on a Si substrate. The products are 
nanobelts of widths of several micrometers and lengths of tens of micrometers, mixed with 
nanowires of diameters of tens to hundreds of nanometers. Figs. 1b-d show that three 
nanobelts are mounted at the edge of a Si substrate by using a micro-manipulator.[36] The 
three nanobelts in fact represent three typical morphologies of the synthesized nanobelts: the 
parallelogram with the interior angles of 71
o
 and 109
o
 (Fig. 1b), the isosceles trapezoid with 
the interior angles of 71
o
, 109
o
 (Fig. 1c), and the trapezoid with the interior angles of 71
o
, 
109
o
, 55
o
 and 125
o
 (Fig. 1d). Figs. 1e-g are the end-views of the three nanobelts in Figs. 1b - 
d, respectively, showing that the nanobelts with the uniform thickness have faceted ends and 
the hexagonal cross-sections with the included angles of 120
o
. The W nanowires found in 
the synthesised products have hexagonal cross-sections with the included angles of 120
o
, as 
shown in Figs. 1h and 1i.  
To understand the structural and chemical characteristics of synthesized nanostructures, 
transmission electron microscopy (TEM) equipped with energy dispersive spectroscopy 
(EDS) was employed. Fig. 2a shows the TEM image of a parallelogram-like W nanobelt of a 
width of 3 μm and a length of 54 μm. High-resolution TEM (HRTEM) and the 
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corresponding selected-area electron diffraction (SAED) analyses (Fig. 2b and the inset) 
confirmed that the nanobelt had a body-centered-cubic (bcc) single-crystal structure (a 
=3.165 nm; JCPDS: 04-0806) with the growth direction along the <111> directions, and that 
the belt plane corresponded to the low-energy crystal planes, {110}. TEM also revealed that, 
besides nanobelts and nanowires, triangular nanosheets were occasionally observed in the 
synthesized product, as shown in Fig. 2c. The nanosheets were isosceles triangles with the 
vertex angle of ~ 71
o
. SAED analyses (the inset in Fig. 2c) revealed that the nanosheets were 
single-crystal bcc-W. TEM and SAED analyses indicated that the nanosheet planes are {110} 
crystal planes, and the two equilateral sides are parallel to <111> directions and the base 
side is parallel to <100>. Fig. 2d is the EDS line-scan of W and O recorded at the edge of a 
nanobelt (the inset). The surface layer of the nanobelts exhibited to have an oxide layer of 
thickness of ~ 3 nm. This finding is in good agreement with the previous study, where a 
layer of WO3 with a thickness of 3 - 5 nm was formed on the surface of W due to the 
room-temperature oxidization in air.[37, 38] 
 
3.2 Growth mechanism 
According to the Wulff theorem,[39] the crystal nuclei of bcc-W, grown in nearly thermal 
equilibrium, tended to form rhombic dodecahedrons enclosed by 12 rhombic low-energy 
{110} planes, in order to minimize its surface energy. For these W nuclei, the subsequent 
one-dimensional (1D) and the two-dimensional (2D) growth would result in the formation of 
W nanowires and parallelogram-like nanobelts with hexagonal cross-sections, respectively, 
as illustrated in Fig. 3a and shown in Fig. 1. Besides the rhombic dodecahedrons, the Wulff 
shapes of W nuclei also included the dodecahedrons or the decahedrons enclosed by the 
low-energy {110} planes, i.e., dodecahedrons enclosed 6 parallelograms and 6 isosceles 
trapezoids, as illustrated in Fig. 3b, or the decahedrons enclosed by 7 parallelograms, 2 
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trapezoids and 1 hexagon shown in Fig. 3c. The subsequent 1D and 2D growth of the 
dodecahedronal nuclei would lead into the formation of W nanowires and isosceles 
trapezoidal nanobelts with hexagonal cross-sections, as illustrated in Fig. 3b. The 
subsequent 1D and 2D growth of the decahedronal nuclei would generate hexagonal 
nanowires, and trapezoidal nanobelts or triangular nanosheets, as illustrated in Fig. 3c, 
which are shown in Figs. 1 and 2 too. 
The different nanostructures shown Figs. 1 and 2 agree well with the Wullf shapes 
shown in Fig. 3, which were theoretically predicted based on the thermodynamics. Thus, it 
is rational to suggest that the principle of surface energy minimization played an important 
role on the formation of W nanostructures in our study. However, surface energy 
minimization cannot be used for interpreting the 1D and 2D growth of a bcc-W nucleus, 
because all the {110} crystal planes are crystallographically equivalent. This suggests that 
the kinetics might affect the morphology of the resultant W nanostructures.  
During the vapor-growth process, 2D nucleation probability, PN, on a crystal plane can 
be expressed as,[40] 









ln
exp
22
2
Tk
BPN ,                        (1) 
where B is a constant, σ the surface energy of the crystal plane, k the Boltzmann constant, T 
the absolute temperature, and α the supersaturation ratio defined by α = P/P0 (usually >1), 
where P is the actual vapor pressure and P0 the equilibrium vapor pressure corresponding to 
the temperature T. As for a bcc-W crystal nucleus enclosed by {110} crystal planes, the 
outer surfaces are expected to have the same surface energy and temperature, Therefore, the 
different nucleation probabilities, which lead to the different growth ratios, are most likely to 
be resulted from the supersaturation ratio of W atom vapor above the different surfaces of a 
W nucleus. 
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In our vapor-deposition system, when the supersaturation of W atom vapor was 
relatively low, the upper surfaces of a faceted W nucleus on the substrate faced a higher 
concentration of W atom vapor compared to the side surfaces, and thus gained a higher 
nucleation probability, i.e. a higher growth ratio. Thus, the nucleus would prefer a rapid 1D 
growth from the substrate to form a nanowire. On the other hand, when the supersaturation 
of W atom vapor was relatively high, the side surfaces of the faceted W nucleus could also 
gain a relatively high growth ratio, i.e., lateral growth. As a consequence, when the 
concentration of W atoms near the side-surfaces was significantly affected by the 
neighboring W nuclei or pre-formed crystals, the asymmetric concentration distribution 
around the faceted nucleus led to deferent lateral growth ratios among different side surfaces, 
and thus generated a 2D growth to form nanobelts or nanosheets. In summary, a relatively 
low supersaturation of W atom vapor led to the formation of W nanowires as shown in our 
previous work,[14] while a relatively high supersaturation favored the growth of W 
nanobelts as demonstrated in the present work.  
 
3.3 Elastic modulus 
The elastic moduli of the nanobelts were measured using the thermal vibration method.[24, 
27] Figs. 4a - 4e show the optical micrographs of a nanobelt, which was subsequently 
clamped at different lengths to form five different cantilevers. The morphologies of the 
clamped nanobelt could also be directly characterized by using SEM. As an example, Fig. 4f 
shows the same cantilever as that shown in Fig. 4e. The lengths of the five lengths are 34.1, 
27.7, 23.1, 20.3 and 16.1 μm, respectively. Note that these clamp lengths were measured 
from the edge of the Si substrate to the mid-point of the sloped end of the nanobelt, as 
shown in Fig. 4f. Figs. 4g and 4h are the top and end views of the nanobelt, respectively, 
demonstrating that the nanobelt has a uniform width of 2.0 μm and thickness of 74 nm. Fig. 
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4i confirms that no gap is visible between the nanobelt and the Si substrate, indicating that 
the cantilever is well mounted. Fig. 4j shows the thermal vibration spectra of the five 
nanobelt cantilevers, where the resonant frequencies of the five beams are also marked.  
It is well documented that if a cantilever is made of a homogeneous material and has a 
uniform geometry, the elastic modulus of the cantilever, Eap, can be derived from the 
Euler-Bernoulli beam theory using the following equation,[29, 30]  
 ,3,2,1,
2 2
2
 i
A
IE
L
f
api
i


,                    (2)
 
where fi are the resonant frequencies (where i is the mode number), L the length, I the 
second moment of area, A the area of the cross section, ρ the density of the cantilever, and αi 
( = 1.875, 4.694, 7.855, 10.966, … for i = 1, 2, 3, 4, …) are the constants satisfying the 
transcendental equation of .01coshcos ii   Using ρ = 19.3 g/cm
3
,[38] the measured 
length, width and thickness of the cantilever (that are used to calculate I and A) and the 
resonant frequencies, Eap can be calculated according to Eq. (2). Table 1 shows the moduli 
of the five cantilevers. The average moduli are 358 (for L1), 355 (L2), 355 (L3), 357 (L4) and 
359 (L5) GPa, respectively. Obviously, the measured moduli of the five different cantilevers 
are very close, giving an average value of 357 ± 2 GPa, as they were from the same nanobelt. 
Note that we took the mid-point of the sloped end as the measurement point for the length, 
the hexagonal cross-section of the nanobelt as a rectangle, in order to simplify the 
calculation. The error originated from the simplification is below 1%. The consistent 
modulus values measured from the same nanobelt of different clamp lengths strongly 
suggest that the thermal vibration method is highly accurate and reliable. However, it is 
interesting to note that though consistent in values the measured moduli are significantly 
lower than the bulk counterpart of ~ 410 GPa.[38] The question that arises is if the measured 
modulus is the true reflection of the elastic property of the CVD-grown W nanobelts. 
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As mentioned earlier, TEM and EDS examination revealed that there is a oxide layer 
of ~3 nm on the nanobelts, which might have affected the measuring result. To remove the 
effect of surface oxidization, the nanobelt was modeled as a sandwich beam that has a core 
of W covered by a thin shell of WO3. Eq. (2) is still valid for a sandwiched structure when 
EapI and ρA are replaced by their respective effective values, i.e. (EI)ef and (ρA)ef , expressed 
as,[29, 30]  
              
12
8126
12
223
ssccsscin
efap
hhhhhEbhE
IE

 ,                  (3a) 
and                bhbhA ssccef  2 ,                             (3b) 
where h, ρ and Ein are the thickness, density and intrinsic elastic modulus, respectively, and 
the suffixes of c and s denote the core and the shell, respectively. Taking ρc = 19.3 g/cm
3
,[38] 
ρs = 7.2 g/cm
3
,[38] Es = 100 GPa,[41] hc = 68 nm, hs = 3 nm, the effective values, (EI)ef and 
(ρA)ef were calculated using Eq. (2). Substituting these two effective values into Eq. (1), the 
average intrinsic moduli, Ein-av, were recalculated for the five different clamp lengths, which 
are 408 (for L1), 406 (L2), 406 (L3), 407 (L4) and 410 (L5) GPa, respectively, also shown in 
Table 1. These give an average value of 407 ± 2 GPa, which is very close to the value of the 
bulk W, ~ 410 GPa.[42] 
The accuracy of the vibration-based method for measuring the elastic modulus of 
nanobelts can be affected by the uncertainties from the clamped boundary condition, the 
uniformity along the axial direction and the resonating length of the clamped 
nanobelts.[31-34] The effects of those factors were difficult to determine in the previous 
studies. In this work, we have developed a criterion to examine the effect of these 
uncertainties with ease.  
First, for a well-clamped cantilever with uniform size and structure along the axial 
direction, the ratios of its resonant frequencies are expressed as,[29] 
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  :34.21 :17.55:6.27::::::::  24
2
3
2
2
2
14321 ffff .          (4) 
Inappropriate clamping, non-uniformity in the cantilever geometries and material 
microstructure (e.g. defects) and surface contamination would cause the measured ratios to 
deviate from the theoretical ratios in Eq. (4). In our measurement, for the five cantilevers 
shown in Fig. 4, the measured ratios are 1:6.26:17.58:34.38; 1:6.24:17.65:34.48; 
1:6.29:17.59 and 1:6.29, respectively. The excellent agreement between the theoretical and 
measured ratios indicates that the nanobelt was not only ideally clamped by the adhesion 
between the nanobelt and the substrate, but should also be very uniform along the axial 
direction. The maximum discrepancy of 0.5% between the measured and theoretical ratios 
was most likely caused by the surface contamination, shown in Figs. 4h and 1i.  
Second, for the same uniform beam with different resonating lengths, the resonant 
frequencies and the corresponding resonating lengths, according to Eq. (2), have the 
following relationship, 
           1:1:1:1:1:)(:)(:)(:)(:)( 25512441233122212111  LLfLLfLLfLLfLLf .   (5) 
In practical measurement, it was hard to exactly determine the real clamp point of the 
clamped nanobelts, and thus difficult to accurately measure the resonating length.[32] This 
would result in significant measurement errors in Eap, as Eap (∝ L
4
) is extremely sensitive to 
resonating length. In our test, we could easily determine the real clamp points or the 
resonating lengths of the clamped nanobelts by comprising the measured and theoretical 
ratios defined by Eq. (5). In this case, the measured ratios, 1: 0.993: 0.996: 0.998: 1.002, are 
highly consistent with the theoretical ratios, 1: 1: 1: 1: 1, suggesting that the resonating 
lengths being measured were accurate.  
 
The measurement errors of our measurement mainly arose from exactly determining the 
thicknesses and the resonating lengths of the cantilevered nanobelt. The error for the 
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nanobelt thickness was ± 2 nm (Fig. 4h), which could result in an error of about ± 5% in E 
for the nanobelt of 74 nm in thickness. The measurement error for the cantilever length by 
optical microscope was estimated to be ±200 nm (Fig. 4), which might lead to an error of 
±3%. In addition, air damping also affected the measurement through its effect on the 
resonant frequencies, particularly for higher mode frequencies. Fig. 5 shows the vibrational 
spectra of a nanobelt cantilever measured in ambient environment (760 Torr) and low 
vacuum (~ 1 Torr). It is seen that the resonant frequencies measured in atmosphere are ~ 1% 
lower than the respective values measured in vacuum. This agrees with the previously 
reported effect of air damping on the frequency response of atomic force microscope 
cantilever beams.[43] Therefore, air damping might result in an underestimation of ~ 2% in 
E in our measurement.  
 
In this study, 17 W nanobelts of the thickness varied from 65 to 312 nm were 
measured, and the results are shown in Fig. 6. The modulus values (solid triangles)  were 
directly calculated using Eq. (2) without removing the effect of surface oxidization 
decreased from ~ 400 to ~ 340 GPa when the nanobelt thickness was reduced from ~ 300 to 
~ 60 nm. By using the core-shell model to remove the oxidization effect, the moduli 
calculated using Eq. (2) are close to that of the bulk W, regardless of nanobelt thickness.  
 
4 Concluding remarks  
Single-crystal W nanobelts of thicknesses of tens to hundreds of nanometers, widths of 
several micrometers, and lengths of tens of micrometers were successfully synthesized using 
CVD. The anisotropic growth of the crystallographically equivalent {110} crystal planes of 
the W nanobelts was attributed to the asymmetric concentration distribution of W atom 
vapor around the nanobelts during growth. The elastic moduli of the synthesized W 
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nanobelts of thicknesses ranged from 65 to 312 nm were measured using a thermal vibration 
method. The moduli of the nanobelts obtained from the direct measurement were 
thickness-dependent. Such size dependency was caused by surface oxidation. Through 
removing the oxidization effect using a core-shell model, the elastic modulus of the 
nanobelts was independent on thickness, which is almost the same as that of the bulk 
tungsten. The long, straight and ultrathin W nanobelts with near-perfect smooth surfaces and 
uniform geometries along the axial direction can be the ideal sensing component for 
measuring the Casimir force. The developed vibration method is simple, low-cost and 
accurate, and is practically applicable for determining the moduli of nanobelts or 
nanowhiskers. 
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Table 1. The moduli, Eap, obtained from the direct measurement and the moduli, Ein, 
calculated using the core-shell model. 
L 
(μm) 
Eap(f1) 
(GPa) 
Eap(f2) 
(GPa) 
Eap(f3) 
(GPa) 
Eap(f4) 
(GPa) 
Eap-av 
(GPa) 
Ein(f1) 
(GPa) 
Ein(f2) 
(GPa) 
Ein(f1) 
(GPa) 
Ein(f2) 
(GPa) 
Ein-av 
(GPa) 
34.1 357 356 358 360 358 407 406 409 412 408 
27.7 354 351 357 360 355 405 400 408 411 406 
23.1 354 354 358 — 355 404 404 410 — 406 
20.3 356 357 357 — 357 406 408 408 — 407 
16.1 358 360 — — 359 409 411 — — 410 
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Fig. 1 SEM micrographs of (a) deposited products on the Si wafer; (b-d) W nanobelts 
mounted at the edge of a Si wafer; (e-g) the respective end-views of the three nanobelts 
shown in (b-d) ; (h), side-view and (i) end-view of a W nanowire. 
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Fig. 2 (a) low-magnification and (b) high-resolution TEM images and the corresponding 
SAED pattern (the inset) of a parallelogram-like W nanobelt; (c) low-magnification TEM 
image and the corresponding SAED pattern (the inset) of a triangular W nanosheet; (d) the 
line-scan EDS spectrum recorded at the edge of a nanobelt (the inset). The sketch in (c) 
shows the 3D morphology of the triangular W nanobelt. 
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Fig. 3 The Wulff shapes of the bcc-W crystals enclosed by (a) 12 parallelograms, (b) 6 
parallelograms and 6 isosceles trapezoids, (c) 7 parallelograms, 2 trapezoids and 1 hexagon. 
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Fig. 4 (a-e) Optical micrographs of a nanobelt mounted at the edge of a Si wafer with five 
different lengths; f) SEM micrograph of the nanobelt shown in (e); g) top-view, h) end-view 
and i) bottom-view of the nanobelt shown in (e), respectively; (j) the vibrational spectra of 
the  five cantilevers of different lengths shown in (a) - (e). The red arrows in (h) and (i) 
show the small contaminations attached to the nanobelt surface. 
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Fig. 5 The vibrational spectra of a nanobelt (shown in the inset) measured at ambient 
pressure (760 Torr) and low-vacuum (~ 1 Torr). 
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Fig. 6 The moduli, Eap, obtained from the direct measurement and the intrinsic moduli, Ein, 
calculated by removing the effect of surface oxidation are plotted as a function of the 
nanobelts thickness. 
